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The shock structure at the tip of a transonic compressor rotor was investigated on a
water table. A four bladed cascade model was used and the wave pattern was examined at
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The analysis of the shock pattern generated at the tip of a transonic compressor blade
has been of interest in the interpretation of unsteady measurements obtained from the
case-wall of the machine. The on-going study, at the Naval Postgraduate School
Turbo-propulsion Laboratory, aims to understand three-dimensional and unsteady effects
in the transonic blade rows. A cascade of blades was built [Ref. 1], scaled from the
transonic compressor geometry [Ref. 2], to model the flow at the rotor tip in a transonic
blow-down tunnel. It had been assumed in the design of the blading that the shock
generated at the tip in the compressor, and hence in the cascade blade passage would be
normal. This, however was not observed in the subsequent experiments, [Ref. 3].
Instead, an oblique shock pattern was seen to develop in a limited number of tests which
were made. The test program was curtailed by the occurance of blade failures, resulting
from stress concentrations at the support tab and unavailability of the compressed air
supply during recertification.
To continue and independently verify the shock structure analysis a water table
experiment was developed in the present work to visualize the wave pattern between the
blades. A water table located in the Mechanical Engineering Department of the school
designed by Dr. T. Sarpkaya was used. Modifications to the water table to produce
transonic flow were necessary, as described in the following section.
The hydraulic analogy of shallow water to two-dimensional compressible gas flow
(Appendix A) allowed the same blading that was in the transonic blow-down tunnel to be
used on the water table. It was only necessary to remove the mounting tabs on one side of
the blades. It was desired to model the flow at the same relative Mach number as in the
wind tunnel. This was not possible however due to the inability of the the water table and
model combined to produce acceptable flow conditions at relative Mach numbers less than
about 1.6. At lower speeds a shock developed in the passages by-passing the model which
traveled upstream and unchoked the inlet flow.
At all test conditions which were set the shock pattern developed by progressively
increasing back pressures to fully subsonic outlet flow included an oblique leading shock
within the blade passage. While at a slightly higher simulated Mach number, this agreed
qualitatively with the blow-down cascade, [Ref. 3]. It was therefore possible to conclude
that the shock pattern that would be developed in the transonic compressor at design
speeds would likely be oblique. While it was found to be difficult to interpret water depths
measured in the water table experiments in terms of pressure ratios to be expected in the
analogous gas flow, it was also concluded that the analogy was an acceptable, useful, and
economical method for qualitative analysis of flow patterns developed in cascade models.
The account presented on the following pages describes the apparatus, procedures,
results, and conclusions of the water table study. While direct-light photography was used
finally to record the surface wave patterns, initial attemps to use shadowgraph photography
were made following the principles which are described in Appendix B. The operating
procedures for the water table are given in Appendix C, and suggestions for the design of a
water table more suited to the transonic cascade application are given in Appendix D. In
order to illustrate the limited changes which occured qualitatively in the wave structure for
significant changes in the test conditions, a compendium of photographs is given without
disscussion in Appendix E.
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H. APPARATUS AND INSTRUMENTATION
A. GENERAL DESCRIPTION
The tests were conducted in a vertical return closed circuit water table. Figure 2.1
shows the flow circuit and plan view of the free surface, test section, sluice gate, drive
shaft, and impeller. The test section was horizontal, with circular reservoir flow entrance
and exit ramps. The table measured 20 inches in width by 71 inches in length. The water
depth for all tests was 7/8 inches. Appendix C describes the water table and its
components in detail.
B. CASCADE BLADING
The cascade blades, which were those designed by Demo [Ref. 1], are shown in
Figure 2.2. Figure 2.3 shows the cascade geometry and defines pertinent notation. The
cascade was mounted in a Plexiglas window (Fig. 2.4) which provided a transparent jig
from which the blades were cantilevered. The assembly was placed on the water table on
the free ends of the blades.
The cascade blades were a seven-tenths scale two dimensional model of the tip section
of the transonic compressor blades designed by Vavra, [Ref. 2]. Table 2.1 gives the
relationship of the transonic compressor rotor tip to the cascade blades used in the water
table experiments.
C. FLOW TURNING CONTROL
The turning angle of the flow through the cascade was controlled using tailboards
formed from two aluminum angle sections as shown in Figure 2.5. The sections were




















Bl = G + P/2 + i
B2 = G - P/2 + d
Bl = RELATIVE INLET FLOW ANGLE
Wl = INLET RELATIVE VELOCITY
B2 = RELATIVE EXIT FLOW ANGLE
W2 = EXTT RELATIVE VELOCITY
G = STAGGER ANGLE
S = BLADE SPACING
C = BLADE CHORD
P/2 = CAMBER ANGLE
i = INCIDENCE ANGLE
D = DEVIATION ANGLE
Figure 2.3 Cascade Notation
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Figure 2.4 Cascade Mounting
Figure 2.5 Outlet Tailboards
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TABLE 2.1
COMPRESSOR ROTOR TIP AND CASCADE BLADE DATA
Compressor Cascade
Scale Factor (Z) 1 0.7
Stagger Angle (G) 59 deg, 44 min, 35 sec 59 deg, 44 min, 35 sec
Camber angle (P) 4.7 deg. 4.7 deg.
Blade Spacing (S), in. 1.920 1.344
Blade Chord (C), in. 2.688 1.882
Leading edge and trailing
edge radii, in.
.005 .003
Suction side radius, in. 16.33 11.431
Maximum thickness, in. .065 .045
The clay was molded to provide fairings along the outside edges. A range of turning
angles for each incidence angle was examined with the intention of including in the
observations the conditions which would be present at the rotor tip in the compressor. At
each incidence and turning angle, the back pressure was varied to produce, as closely as
possible, similar flow patterns within the blade passages.
D. BACKPRESSURE
The pressure rise across the cascade was controlled using a throttling valve in the flow
channel downstream of the cascade. (Fig. 2.6 a & b) Back pressure increase was obtained
by sliding a plate, held magnetically, down into the flow stream thus decreasing the exit
area available through the flow passage. The decreased area could be varied to effectively
choke the exit passage, causing upstream flow adjustment through a hydraulic jump. The
jump, analogous to a shock wave in a gas flow, moved upstream as the valve was closed.
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Sufficient back pressure variation was available to unchoke the cascade and to develop
an entirely subsonic region throughout the blading, (Fig. 2.7).
E. DEPTH PROBE SURVEY EQUIPMENT
The depth probe survey instrumentation was designed to measure the variation in the
height of flow surface through the test section. It consisted of a micrometer attached to a
sliding survey arm which could be used at any point not obstructed by the cascade
mounting (Fig. 2.8). The micrometer mounting bracket traversed the section on a stainless
steel rail attached to Plexiglas endwalls. The micrometers were of the caliper type with a
two inch throw graduated in thousandths of an inch.
F. SHADOWGRAPH AND DIRECT PHOTOGRAPHIC EQUIPMENT
A range of optical techniques was examined to observe and record the flow structure in
the cascade. A mercury vapor continuous light source, focal plane shutter, two six inch
parabolic and optical flat mirrors were used in attemps to photograph the various flow
conditions in the test section using shadowgraph techniques. In addition, an optical filter
and secondary fiber optic light source were used to adjust the back lighting to observe the
hydraulic jump phenomena. The equipment was installed as shown in Figures 2.9-a and
2.9-b.
A Nikon 35 mm. camera with 80 mm. macro lens was used for the direct photography
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Figure 2.6a Profile View of Throttling Valve
Figure 2.6b Top View of Throttling Valve
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Figure 2.7 Unchoked Cascade
















Figure 2.9b Profile view
Figure 2.9 Shadow Graph Arrangement
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III. EXPERIMENTAL PROGRAM AND PROCEDURE
A. PRELIMINARY INVESTIGATIONS
1. Achieving proper flow conditions
Preliminary flow investigations on the water table (Appendix C) were made with
both quarter circle and straight knife edged sluice gates to establish the proper flow
conditions for the test section. In both cases the sluice opening was varied in 1/4 inch
increments from 1/2 to 1 inch. The system pump was unable to supply sufficient flow for
both the 3/4 and 1 inch openings hence the experiment was limited to a 1/2 inch sluice
opening. The quarter circle sluice was chosen since it avoided the contraction of the test
section depth caused by the knife edge sluice. No further reduction in sluice opening was
investigated.
The test section was located approximately 2.5 inches downstream from the sluice
and offset to one side to avoid choking the flow between the tailboards and the side of the
water table. Choking in this region quickly caused sub-critical flow conditions to travel
upstream to engulf the entire test section.
The maximum usable static test depth was 7/8 of an inch due to a natural
oscillation of the water table which gave large fluctuations in the running condition with
greater depths. Variations in test section static water depth appeared to have little effect on
the running condition test depth which was fixed by the sluice opening. Static depths of
less than 1/2 inch caused the pump to cavitate in trying to supply the required flow.
2. Recording flow structure
Several methods of recording the flow stucture in the cascade were attemped. The
first approach during the preliminary investigations was to use a video camera. This
proved to be unsuccessful as the flow phenomena were not readily discernable in the video
picture.
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The second technique involved the use of a shadowgraph system. Shadowgraphs
were attemped using the technique described in Appendix B and also with other
combinations of lighting. These included the use of converging and diverging beams and
attempts to light the cascade from the side, from the front, and from the back, in addition to
direct light from underneath. The best pictures obtained were with the procedure outlined
in Appendix B, however the shadowgraph pictures were also unusable as they did not
clearly show the hydraulic jump relative to the cascade blades. Figure 3.1 shows a
representative picture of the best quality shadowgraph that was obtained.
Direct photography was at first ruled out because of the poor quality of the video
images obtained in the preliminary investigations. Photographers from the NPS Photo
Division were consulted and a relatively simple arrangement using a beige colored
background with white backlighting was attempted succesfully. A Nikon 35 mm camera
with 80 mm macro lens was used for the photography. The macro lens provided the
necessary detail for recording the hydraulic jump. This technique was adopted to record
the changes in the wave structure for the variations in flow angle, turning angle, and back
pressure.
B. CONTROLLED VARIATIONS IN FLOW ANGLES AND BACKPRESSURE
The calculated minimum loss incidence angle for the compressor blading was 0.9
degrees [Ref. 3] with reference to the camber line of the blade. The flow was examined at
various angles of incidence around this minimum loss condition. Due to practical
limitations, the accuracy of blade settings on the water table was limited to ± 1/2 degree.
Three incidence angles were observed, -2.8, 0.9, and +2.8 degrees.
Since the flow turning angles and associated pressure rises in the transonic compressor
had not been measured at relative inlet Mach numbers greater than about one, a series of




Flow turning angle changes in 2 degree increments from 4 to 8 degrees were set with
the thought that the conditions prevailing in the compressor would be within this range.
The compressor design flow turning angle was 4.01 degrees. Measurements from the
transonic air cascade recorded average turning angles of 4 to 6 degrees for pressure ratios
of 1.006 and 1.51 respectively [Ref. 3:pp 23]. For this reason the initial flow turning




Twenty-three test runs with incidence angles of -2.8, 0.9, and +2.8 degrees were
investigated. Over one-hundred photographs of the flow pattens were taken at the various
operating conditions imposed on the cascade. From these test conditions a representative
sample of the flow at each of the three incidence angles is discussed below. Samples of
the remaining photograghs are given in Appendix E, with corresponding data from each
condition listed below the picture and summarized in Table E.l.
Inlet relative "Mach" number was 1.64 to 1.71 as measured from the photographs.
Lower relative "Mach" numbers were not obtainable due to disturbances from hydraulic
jumps occuring in the passages adjacent to the model. These "shocks" moved upstream
and unchoked the cascade.
The amount of flow turning imposed by the tailboards had no effect on the leading
shock angle which formed in the cascade passages. However, with increased flow turning
less back-pressure was required to locate other shocks in the passage and to unchoke the
cascade.
In all cases, when the leading shock was located in the blade passage it was an oblique
shock. The leading shock only became normal and moved forward of the model as the
cascade was fully unchoked. This occured after the outlet flow had become subsonic
Oscillations inherent to the water table caused fluctuations in the inlet flow velocities.
Despite this effect a repeatable pattern for the shock was documented.
Figures 4.1a through 4.1c show representative photographs of the shock structure at
incidence angles of -2.8, 0.9, and +2.8 degrees respectively.
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Figure 4. la Incidence angle = - 2.8°
Figure 4.1b Incidence angle = 0.9°
Figure 4.
1




The calculation of average pressure ratios across the cascade by means of the hydraulic
analogy resulted in a pressure ratio of approximatly 2.85 for Figure 4.2. This was based
first on deriving the inlet Mach number from measurements of the oblique shock angle
generated from the leading edge on the pressure surface of the blade [Ref. 4]. From the
Mach number and the depth measurements, Figure A.l in Appendix A, was used to find
the corresponding outlet Mach number and hence the pressure ratio for the cascade
corrected for a gas with a specific heat ratio of 1.41.
This calculated pressure ratio was unusually high as the compressor design estimates
the design pressure ratio to be about 1.5. It is noted that the hydraulic analogy is based on
isentropic flow and "shallow water " implies uniform velocity with depth. It is mentioned
in references to the hydraulic analogy [Ref. 5 & 6] that, the analogy does not always give
good quantitative results. It was thought likely that the very high pressure (depth) ratios,
associated with the production of transonic changes through strong waves, must severely
strain the assumptions of the analogy.
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V. CONCLUSIONS
An attached oblique shock was observed to form on the pressure side at the leading
edge of the blading. Shock impingement location on the suction surface of the blading was
a function of the flow turning angle and back-pressure.
The cascade model did not fully represent an "infinite" cascade. Additional blading
should be used to more closely model the compressor flow.
Variations in the passage to passage flow structure were attributed to a decrease in the
relative Mach number of the flow due to losses as a function of distance from the sluice
gate. These losses were assumed to be caused by friction on the water-table surface.
Despite these problems the use of a water table for visualization of flow structure is





The theory for the hydraulic analogy of a two dimensional compressible gas flow
initially developed by Riabouchinsky and continued by Preiswerk [Ref. 5] has been
examined and with some reservations [Ref. 6], the analogy is seen to provide, in the water
table, an economical tool to model both quantitatively and qualitatively the flow of a
compressible gas about a two dimensional object.
The theory is developed with the assumption of ideal fluids and perfect gases.
Therefore, departures due to real fluid effects occur and the calculations do not model the
flow completely.
Two types of waves are present for any disturbance in the flow, capillary waves and
gravity waves. The capillary waves are of low amplitude and easily distinguishable from
the larger gravity waves. With the assumption of zero surface tension the wave velocity
equation is given by;
^ = (gd) 1/2
where:
X = surface wave velocity
g = local acceleration due to gravity
d = depth of flow,
which is analogous to the sonic velocity in a gas.
Figure A- 1 shows corresponding variations of pressure ratio in the gas and analogous
depth ratio in water with Mach number. Table A.l is a summary of analogous quantities











Sonic velocity, a = (yP/p)*' 2
Mach number, M = V/a
Depth ratio, d/do
Square of depth ratio, (dJdQr
Surface wave velocity, X = (gd)*' 2
Froude number, Fr = V/(gd) *' 2




y - specific heat ratio
2. g - acceleration due to gravity
3. T - temperature
4. V- velocity of fluid
5. P - pressure
6. d - depth
7. p - density of the fluid









rl-V^ = 2g(d -d)
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and therefore
Vmax = (2gd )
1/2
For either the gas or the liquid, define
v/vmax = x
where X is the nondimensional velocity. For an analogous flow of water, (having the
same values of X), from the above equations it is seen that the depth ratio is related to the
temperature ratio in the gas by
d/d = TyT
The continuity equation for shallow water flow can be written as
3(ud)/3x+ a(vd)/9y =
where u and v are the components of the velocity in the x and y directions. The continuity
equation for a compressible gas flow is
3(up)/3x + a(vp)/8y =
An analogy can exist only if
d/d = p/pQ
for a perfect gas therefore, an analogy can exist if
p/P = PT/PoTo = (^do)
2
If the gas flow is isentropic
P/PQ = (T/iyY/CHV equivalent^ (d/d )^_1 )
Thus an analogy can exist only if
(d/d )2 = (d/d yy/(TH)
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which implies that y=2. Since air has a specific heat ratio of 1.41 the analogy is only
quantitatively approximate. Exact correlations for water-table data to analogous air flows
have not been developed as yet. However close qualitative agreement exists for observed
wave patterns and the analogy is generally used for this purpose.
Three classifications of the hydraulic jump have been defined, based on observations.
The jump characteristics are related to the measured Froude number of the flow as follows;
1. Undular jump (Fig. A. 2a). A smooth expansion of the flow followed by
oscillations, resulting in a smooth first wave followed by waves of
decreasing amplitude. This type of jump has very little loss associated with
it, and occur in the Froude number range of 1.0 < Fr <1.7.
2. Transitional jump (Fig. A. 2b). This jump occurs between Froude numbers
of 1.8 < Fr > 3.0. and is characterized by a first or second wave cresting,
followed by smoother waves of undular motion. An increased energy
dissipation occurs compared to the undular jump.
3. Direct jump (Fig. A. 2c). This type of jump can occur in flows with a
Froude number, Fr > 2.5 and is associated with large losses and heavy flow
reversals along the surface of the wave. It is a large wave in magnitude and
usually stands alone as a single discontinuity in the flow. It is characterized
by 'white water' as air is entrapped in the turbulent reverse roller on the face
of the wave.
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Figure A.2a Undular Jump
Figure A.2b Transitional Jump
Figure A.2c Direct Jump




Figure B-l shows the schematic of a simple parallel-light shadowgraph system. Light
from a point source is collimated by a lens or parabolic mirror and passed through the test
section onto a screen or photographic plate. As the light rays traverse the test section they
are refracted by the density gradients in the flow. If there are density gradients present in
the test section the refraction will not be uniform and areas of light concentration and areas
of shadow will appear on the screen. Since the intensity on the film is a result of an
integral of the light deflection across the test section, the extraction of quantitative
information is usually difficult.
For the shadowgraph to be useful, density gradients must exist in the flow and the
stronger the gradient the greater will be the contrast in the image. The screen must be
located very close to the test section or the surfaces in the test section will not be adequately
focused on the film, unless an additional parabolic mirror is used.
The shadowgraph is inexpensive and relatively easy to use. However, the addition of
optical mirrors or lenses, if the screen can not be placed sufficiently close to the test
section, can require tedious focal adjustment. In addition, shadowgraph systems may not






















Figure B. lb Flow with Density Gradient
Figure B.l Shadow Graph Formation
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APPENDIX C
WATER TABLE AND OPERATING PROCEDURES
The mechanical engineering (M.E.) free surface water table used in the present
investigation was located in the hydrodynamics laboratory of Halligan Hall, Naval
Postgraduate School (NPS). The installation was designed and built to the specifications
of Dr. Sarpkaya as a subsonic flow visualization system.
The water table (Fig. C.l) was a vertical return closed circuit design with overall
dimensions of 96 inches in length by 22 inches in width. The table was constructed of 1
inch Plexiglas with a test section 20 inches wide by 71 inches in length. A plan view
through the test section is shown in Figure C.2. The section was horizontal with the
capability of tilting in the downstream direction to overcome shear losses on the test
surface. The degree of maximum tilt was approximately 10° achieved by the use of a base
mounted hydraulic jack installed under the upstream end-wall.
A one and one-half horsepower variable speed AC-motor (Fig. C.3) was coupled
through a reduction gear and pulley-belt drive system to an impeller of in-house design.
The speed adjustment was provided by a lever arm located on the reduction gear housing
mounted to the drive motor. The motor was able to provide transonic flow through the
sluice gate and test section to a depth of 1/2 inch.
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F igure C. 1 Water Table
39
Figure C.2 Profile View of Test Section
Figure C.3 Water Table Drive System
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Modifications to the table were carried out to provide the necessary flow conditions for
the experiment. These consisted of:
1. installing aluminum honeycomb flow straighteners downstream of the
impeller and upstream of the sluice gate.
2. installing a circular sluice gate to accelerate the flow to the desired flow speed
with minimal losses. A straight sluice gate with a knife-edged exit channel
generated a reduction in flow height leaving the sluice, giving a "coefficient
of contraction" of approximately 0.61 whereas a circular sluice gave no
contraction.
3. installing a honeycomb straightener in the return settling chamber also before
the impeller to help dampen flow oscillations due to the natural frequency of
the system.
Commercial dishwasher detergent, on the order of 0.1% volume, was added to reduce
the surface tension. No antifoaming agent was necessary due to the inherent antifoaming
characeristics of the soap.
The water table was filled and drained by 1.5 inch diameter PVC piping connected to
the laboratory water supply and under floor drainage system.
The location of the model in the test section was adjusted so as not to choke the flow in
the side passages adjacent to the model during operation. This was a trial and error
process when the flow turning vanes were installed since they were required to be
adjusted during the testing, and this sometimes required relocation of the model. Once the
model was located in the test section, measurements of the static depths were made.
The operation of the water table was straight forward. The lever arm controlling the
motor speed was positioned to the lowest speed position before turning on the pump.
This was to prevent a large surge and subsequent cavitation of the pumping system, which
introduced bubbles into the water. A two position toggle switch located on the drive motor
was then actuated to start the water table. The speed control arm was positioned to give the
desired flow conditions.
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During the initial operation of the system it could take up to 45 minutes to remove the
bubbles trapped in the honeycomb flow straighteners as a result of filling the table. Once
the bubbles were expelled from the system and the flow was stabilized, measurements of
the running depths could be made. From this information the overall average pressure
ratios and operating Froude number were obtained from the upstream and downstream
water depths.
Measurements of the flow depths were made with both a thin metal tape and using a
channel depth probe survey system incorporating micrometers capable of measurements to
a thousandth of a inch.
Due to the unsteadiness in the pumping system, the vertical tape measurements rather





The construction of a water table at the Turbo-propulsion Laboratory, Department of
Aeronautics specifically to be used for cascades, involves first the choice between two
possible approaches; namely, the water table can be constructed to provide a continuous
flow at a constant speed or the model can be towed through a stationary fluid at a desired
test speed. Table D-l lists the advantages and disadvantages of each type of system.
The construction costs and tolerences involved are much less for a closed circuit table
with moving fluid. The operation of such a table is also much simpler in terms of set-up
and running. Considerations which must be taken into account before constructing a water
table include the following:
1
.
The number of blades to be modeled which will dictate the length and width of
the water table. It should be of sufficient width so as not to choke the flow in
the side passages of the model. This can be accomplished be either a diverging
channel downstream of the model or by siphoning fluid along the walls of the
water table.
2. The flow depth for the running condition and the type of sluice gate which
will produce the flow must be considered.
3. The cascade should be mounted such that the flow depth can be measured easily
throughout the blading and and well downstream.
4. The tailboards, unless another means of flow turning is developed,
must be attached so as to be easily adjustable to the desired conditions.
5 Determination of how the fluid will be returned to the reservoir and the rate at
which this is accomplished must be considered carefully. Flow stabilization is
of primary importance.
6. Appropriate flow measurement devices must be used to conform to the type
measurements needed, (i.e., total hydraulic head, depths before during and
after transitions,and flow speeds.)
7. The desired rate of flow, to dictate the size of pump required and possibly the
type, i.e. centrifugal or a screw impeller located in the return duct
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8. Flow losses, where they occur and how to overcome or these by adjusting the
flow conditions
9. Plexiglas and other combinations of materials should be considered to
optimumly satisfy design requirements at minimal cost.



















































































Figure D. 1 Plan View of Novel Water Table
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APPENDIX E
COMPENDIUM OF PHOTOGRAPHIC DATA
A representative test data sheet (Figure E.l) and the corresponding test photographs
are given to illustrate the test proceedures and results. A compendium of various
photographs labeled to show corresponding incidence and flow turning angles are also
given. The notation used on the photographs is as follows:
i = incidence angle
A(3 = flow turning angle
47
fINCIDENCE ANGLE — 0.9 degree
TURNING ANGLE = 6 degrees





























* After Frame 1 , bubbles were removed from water-
table surface which caused a 1/4" flow depth reduction
Figure E. 1 Cascade Data Sample
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Figure E.2a Test Frame 1
Figure E.2b Test Frame 2
49
Figure E.2c Test Frame 3
Figure E.2d Test Frame 4
50
Figure E.2e Test Frame 5
Figure E.2f Test Frame 6
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i = +2.8° Ap = 6°
i= +2.8° A(3 = 6°
52
i = 0.9° A{3 = 4°
i = 0.9° A[3 = 4°
53
i = ()..9° A(3 = 8°
i = 0.9° A[3 = 8
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